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In this study, we examined the effects of murine chemokine ^JS^BSfiWCSfi 
the syTtemic and distal mucosal immune ^^^SS?nflammato«y protein IP (MIP-1P) and monocyte 
bvusine the mouse model. The CC chemokines macrophage mnam jf the ratio of immuno- 

cLmotlcTic protein 1 (MCP-1) biased the ^%^™%3F$% L TheCXC chemokine MIP-2 and the 
SSlin isot^es and interleukuv4 ^^'^P^^i^^Vf i he Thl-type pattern, and such a response 
tc chemokine MIP-1«, SS^Tn addition, MIP-la appeared to act vja the up- 

rendered recipients more resistant toHWwgml .niea |on of ^stimulatory molecules (B7-1 and 

regulation of antigen-presenUng ce 1 ^"^^SJE^piHe immunity by increas ng gamma urter- 
wr whereas MIP-2 enhanced Thl-type CD4 i-cen mK ~.~" *" f in „ ^ mucosal route to admin- 



Mucosal surfaces represent the primary site J-**""" 
mission of several viruses including human immunodeficiency 
^s and herpes simplex virus (HSV). 

nitv at mucosal sites represents an important issue in vaccine 
cSetooment Mucosae have numerous innate defenses, some 
JXSh servfto alert and direct the nature of subsequent 
fcqunS immune events (1, 10). Interest has recently focused 
on ^okines and chemokines and the role they appear to play 
. Adulators of the adaptive immune responses (12, 31). 
STdTngt members of both types of molecules induced non- 
s^Sficalfy upon infection are involved in regulating the in- 
flammatory reaction and the subsequent adapuve Thl or Th2 
£S of Sell reaction that occurs in the draining f lymphoid 
tissue Consequently, manipulating the expression of cytokines 
aTchSoldnes during exposure to infectious agent* .or vac- 
cine represents a valuable approach to achieve optimal pro- 

t6 Most information on immunomodulatory effects of immune 
Most iniorm<iuui ,. ( oa aq\ However, van- 

mediators has emphasized cytokines (34, «uj. r» > . 
ous chemokines may represent even more usefa hnnate mp$ 
ulators since these molecules are involved in *e recruitment 
and activation of cells related to innate 
Currently, little is known about the nonspecific adjuvant effect 
o?ch?mokines, and the two previous studies which ^used ^che- 
moldne DNA given systemically with antigen (Ag) provided 
^ting data (13, 18). In the present study, we investigated 
genetic cotransfer of certain chemokines along wuh 
pfasmid DNA encoding viral Ag to a mucosal s.te can affect he 
efficiency of subsequent acquired mucosal and systemic .m 
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mune responses. Our results show that mucosal genetic co- 
Set ofchemokines affects £ ^ b ^C™ 
S£ and macrt, 

phageTnflammatory protein IP (MIP-1P) biased th^ponse 
toward Th2-type immunity, whereas the CC «*«^^ 
la and the CXC chemokine MIP-2 emphasized a Thl-type 
response Mice with this later pattern were more resistant to 
iSv mucosal infection. MIP-la appeared to act via up-regu- 
Stion 0? antigen-presenting cel. (APQ function jf^™ 
sion of the costimulatory molecules B7-1 and B7-2 whereas 

MIP-2 appeared to ^J%*^«JZ^?Z 
suits emphasize the value of CXC or ^ cnemoM iw 
cos! adjuvants and indicate that they function by influencing 
the interaction between innate and adaptive immunity. 

MATERIALS AND METHODS 
and housed in the animal facilities at ihc "wct*^ ' " . nrovide d by Casey 

KOS under the cytomegalovirus P«™»« CC chemokines 

( 19 ). Plasmids encoding the CXC chemokmc " MIPZ Barbafa 
including murine MIP-la and munne Mff-lf > were tmoiy J 
Sherry (Picower Institute. Manhassct. « „. £ othcr 

mammalian expression vector (PromegaCorp ^Sn/S «p^ss on vector 
CC chemokine. human MCP-1 .n^r,edm^o the ^^^NA3 exp 

(inviirogen. ^^F^^^X^S^ ™* w " e P™* 6 " * 
versity of Pennsylvama. Ph of Sambrook e, al. (32) with 
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S V40, simian virus 40; CMV, cytomegal<^ ^ PCR f ° Uowm * In ™° transfedion into human fibroblast cells. 



ammonium acetate followed by isopropanol precipitation of the supernatant. 
After polyethylene glycol precipitation, the plasmids were phenol-chloroform 
extracted three times and precipitated with pure ethanol. The quality of DNA 
was checked by electrophoresis on 1% agarose gels. The expression of each 
plasmid DNA was identified by reverse transcriptase PCR and a chemotaxis 
assay (38) after in vitro transfection into human fibroblast cells (Fig. 1). The 
amount of endotoxin was determined by the Limulus amebocyte lysatc test. The 
effect of endotoxin in vivo was addressed m parallel by administration of control 
vector. 

Immunization and sample collection. Groups of 3- to 4-week old female mice 
were co immunized intranasally (i.n.) with 100 u.g of gB DNA plus 200 u.g of 
chemokine DNA formulated in phosphate-buffered saline (PBS) (pH 7.2). Co- 
administration of various gene expression cassettes involved mixing the chosen 
plasmid before administration. Immunization was performed three times at 
5Kiay intervals. The control mice were immunized i.n. with 200 jtg of pCI-neo 
control vector. In some experiments mice were immunized intramuscularly with 
10* PFU of HSV-1 KOS or 100 u.g of gB DNA. Serum samples from the mice 
were collected by retro-orbital bleeding. Vaginal lavage fluid was obtained by 
introducing 100 u.1 of PBS (pH 7.2) into the vaginal canals and then recovering 
it with a micropipette. Fecal samples were weighed and suspended at 100 mg/ml 
in PBS containing 0.1% sodium aztde. Each sample was stored at -80°C until 
used. 

EUSA for gB-speciflc Ab. A standard enzyme-linked immunosorbent assay 
(EUSA) as described previously (23) was used to determine gB-specific anti- 
bodies (Ab) in the samples. Briefly, EUSA plates were coated with gB protein 
(kmdly provided by Chiron, Emeryville, Calif.) and goat anti-mouse immuno- 
globulin G IgG (Southern Biotechnology Associate Inc., Birmingham, Ala.) or 
rabbit anti-mouse IgA (Zymed, San Francisco, Calif.) and then incubated over- 
night at 4-C. The plates were washed with PBS-Tween (PBST) three times and 
blocked with 3% dehydrated milk. Samples were serially diluted twofold, incu- 
bated for 2 h at 37°Q and then incubated with goat anti-mouse IgG-conjugated 
horseradish peroxidase for 1 h. To measure the IgA level in vaginal lavage fluid 
and fecal samples, biotinylated goat anti-mouse IgA was added for 2 h at 37°C, 
followed by peroxidase-conjugated strcptavidin (Jackson Immu no Research Lab- 
oratories, West Grove, Pa.). The color was developed by adding the substrate 
solution (11 mg of 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid in 25 ml of 
0.1 M citric acid-25 ml of 0.1 M sodium phosphate-10 u.1 of hydrogen peroxide). 
Ab concentrations were calculated with an automated EUSA reader (Spectra 
MAX340; Molecular Devices, Sunnyvale, Calif.). 

HSV-specinc Th-cell proliferation. HSV-specific Th-ceil proliferation was 
evaluated after sacrificing coimmunized mice 12 days after the last immunization. 
The spleens and cervical draining lymph nodes (DLN) of coimmunized mice 
were excised. Immune splenocytes were then enriched for T cells on a nylon wool 
column. Enriched splenic T cells and unfractionated cervical DLN lymphocytes 



were individually rcstimulated in vitro with an irradiated syngeneic dendritic cell 
(DC) population (stimulators) pulsed with UV-inactivatcd HSV-1 KOS (multi- 
plicity of infection [MOI], L5 before UV inactivation) for 5 days as described 
previously (5). pH]thymidine (1 uX3/wcll) was added to each wefl 18 h before 
harvest. Harvested cells were measured for radioactivity using a beta scintillation 
counter (Inotcch, Lancing, Mich.). Concanavalin A at 5 u-g/ml was used as a 
polyclonal-stimulator positive control for the iymphoproliferation assay. 

Cytokine EUSA. Cytokine levels in culture supematants from immune T cells 
(responder cells) that had been restimulated in vitro with irradiated syngeneic 
enriched DC pulsed with UV-inactivated HSV (MOI, 5.0 before UV inactiva- 
tion) or irradiated naive enriched DC were determined by ELISA Similar 
number of cells were stimulated with 1 u,g of concanavalin A as a polyclonal 
positive stimulator for 48 h. ELISA plates were coated with interleukin-2 (U.2) 
IL-4 and gamma interferon (IFN- 7 ) anti-mouse Ab (Pharmingen, San Diego 
S and "^bated overnight at 4'C The plates were washed three times with 
PBST and blocked with 3% nonfat dry milk for 2 h at room temperature. Culture 
supernatant and standards were added to the plates in duplicate, and the plates 
were incubated overnight at 4«C Biotinylated IL-2, IL-4, and IFN-y Ab were 
then added, and the plates were incubated for 2 h at 37°C. The plates were 
washed and incubated with peroxidase-conjugated strcptavidin for 1 h, and then 
the color was developed. The cytokine concentration was calculated with an 
automated EUSA reader. 

Quantification of cytokine-producing cells (EUSPOT). The enzyme-linked 
immunospot (EUSPOT) assay was performed as described previously (14) 

! ™f JSPOT pIatCS < MimDorc > Molsheim. France) were previously coated 
with IFN-y anti-mouse Ab. The enriched immune T cells (responder cells) were 
muted with an enriched DC population pulsed with UV-inactivated HSV (MOI 
5.0 before UV inactivation). The responder cells and stimulator DC (naive or 
pulsed) were mixed at responder-to-stimulator ratios of 10:1 5*1 2.5-1 and 
1.25:1 for 96 h at 37X. The EUSPOT plates were washed three times with PBS 
and three times with PBST, and then biotinylated IFN- 7 Ab was added to the 
plates for 1 h at 3TC. The spot was developed using nitroblue tetrazolium 
(Sigma, St. Louis, Mo.) and 5-bromo-4-chloro-3-indolylphosphate (Sigma) as a 
substrate following incubation with alkaline phosphatase-conjugatcd streptavidin 
(Jackson ImmunoResearch) for 1 h and counted 24 h later under a stereomi- 
croscope. 

FACS analysis. The following monoclonal Abs obtained from Pharmingen 
were used for fluorescence-activated cell sorter analysis: phycoerythrin (PE)- 
anti-CD4, PE-anti-CDllc, fluorescein isothiocyanate (FITC)-anti-B7-l (anti- 
CD80), FTTC-anti-B7-2 (anti-CD86), anti-mouse c^7, biotinylated anti-rat 
IgG2a, and streptavidin-FTTC. For staining, cells were rcsuspended at a concen- 

n nS B M m t0 , i0? Cd ^ mI m PBS C ° mainin S l% bovine alb »™ ^d 

0.05% NaN, and incubated at 4'C for 30 min with properly diluted monoclonal 

Ab. For the detection of integrin biotinylated anti-rat IgG2a and strepta- 




Immunization 



pCI-neo alone 

gB DNA + pCI-neo 

+ MIP-la 

+ MIP-10 

+ MIP-2 

+ MCP-1 
HSV i.n. 



IgG (ng/mi) 



10 
181 
436 
142 
321 
538 
20,982 



3 

67 
75 6 

92 
158 
124* 
2,755* 



IgG^/IgGj ratio 



5.3 
14.6 

4.9 
18.5 

2.6 
117.0 



Vaginal IgA 


gB specific (pg/ml) 


%gB IgA 


18 £ 17 




160 ±86 


0.01 


582 ± 152* 


0.04 


141 ± 74 


0.01 


100 ±75 


0.01 


457 ± 88* 


0.03 


5,666 ± 752* 


036 
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2.1 
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3.7 
3.7 
3.2 
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: 3.8* 



0.04 
0.08 
0.04 
0.05 
0.06 
0.16 



- ! lie mice (seven mi~ per ; 

at 5-day intervals. Ten days following the last inmunaa ion. serum samples vagi na. lavage • £ d (eca , samples were resuspended at 100 mg/ml m 

-U^-^ H ~TSS5£^ yKSSl - ~t^££es. • J IgA (IgB-specific luteal IgA] X 100) was determ.ned 

PBS-0 1% sodium aztdc. Individual samples were icsicu iui g« m 

fro r si ^^«^e^ S with gB DNA plus conUO, vector pCneo (, < 0.05, 

determined by adding Triton X-100 to a final concentration of 5% The percent 
soecific lysis was calculated as follows: 100 X ([experimental release - sponta 
n^rJSel/lrnaximum release - spontaneous release]). Each experiment was 
performed twice using triplicate samples. . . 

Statistical analysis. Significant differences between groups were determined 

using Student's t test. 



vidin-FTTC were used as secondary reagents for amplification. After bemg 
^eTthe "lis were washed twice a. 4»C and U00 rpm for 5 m FoU^ng 
Son, the cells were resuspended in PBS and analyzed using a FACScan 

-35222^1^P£fiL« with progesterone to 
J^o" ~ cycles, as described earlier (30, 
wTre injected subcutaneously with Depo-Provera (DP) , (U 
Mich.) at 2 mg per mouse. Frve days followmg the injection of DP. the ™=™ 
changed mttaraginally with 10* PFU (5 50% lethal doses [5 LDjJ) of HSV-1 
M^ae The mice^ere examined daily for vaginal inflammation neuronal 
less, and dead,, as described previously (14). They were »««£lto5d«P«d 
mg on the clinical severity of disease (0. no change; 1 mild inflammation, 2. 
moderate swelling; 3. severe inflammation; 4, paralyse; 5. death. 

Determination of vaginal IFN-Y secretion. Vagmal lavage flurf for IFN-y 
«emthTwas collected daily by introducing 100 pi of PBS (pH 7.2) into the 
Sal canaU anTuTn recovering it with a micropipets following infection of 
SonLed mice with HSV-1 McKrae. The vaginal mucus ™ 
removed from the fluid by centrifugation a. 10.000 rpm for 1 mm. IFN-j con 
Orations in vaginal lavages were determined by ELISA using «^ »U- 
mouse Ab and biotinylated IFN-f Ah. Each concentration was adjustec I or the 
vagmal protein content as determined using a protein assay reagent (B,o-Rad 

Laboratories, Hercules, Calif.). HWftwni time 

Vims titer determination. Vaginal washings were collected at dtferen tune 
points after intravaginal challenge, by microp.pettmg 100 *i of PBStnto jte 
wtnal cavity and men recovering it. The samples were stored at -WCuntU 
used. Individual subsamp.es (50 * from each 

viral titers were determined by a plaque assay performed on Vero cells as 

'^SSZZSZt lymphocytes and iliac LN ceUs. Vaginal IT lympho- 
cvtes were prepared as previously described (9) with some mod.ficat.ons. Briefly, 
STvaJnXre excised, cut longitudinally, and minced with a steriU .scalpel _» 
SLJbuffer without ca>cium and magnesium (HBSS) 

vUle Md , After four washes with HBSS containing 1 mM EDTA the minced 
SsueswereXsted in RPMI medium containing 1 mg of collagenase type VIII 
rrfand 1 mg of Dispase II (Boehringer Mannheim. Indianapolis. 
SfS/S D ge^ionTperfoLed with stirring (1 h at 37*C). The cells were 

sterile gaL mesh and washed wi* RPM. medium Add. 
tional tissue debris was excluded by low-speed centrifugal on (»>** ■» ™ 
mW The cells were collected by an additional centrifugation (400 x g for 10 
minV r^s«oded in RPMI medium, and enriched on a nylon-wool column. 
"liSbtlK cell-mediated lysU were used before •PP>^» n J 0 .^ 
nvlon-wo^ column. Approximately 2 X V? to 3 X 10* cells were collected from 
seven X. The va^a.T lymphocytes passed through the ttfoaW 
usually showed 40 to 60% CD4~ T cells by flow^ytometr.c ™^*^"^ c 
wire isolated from excised iliac LN, and then contaminating eryduocytes were 
Wsed by hypotonic shock with a 0.83% ammonium chloride solution 

-Cr rZL assay of NK cells and CTL. NK cell- and cytotoxic T.ymph^ 
(CTD-mediated lysis in the Uiac LN and vaginal tractwas d« e ™' ne ^-h Cr 
release assays with labeled target cells (YAC-1 for NK ceUs and EL-4 [H-W for 
£1) as previously described (16). Spontaneous release of »Cr was detenn.ned 
by incubating the targe* cells with medium alone, and maxunum release was 



RESULTS 

Mucosal genetic cotransfer of chemokines modulates ac- 
quired systemic and mucosal immunity. To investigate the 
immunomodulatory function of chemokines following mucosal 
genetic immunization, mice were coimmunized i.n. on three 
occasions with various chemokine-encoding plasmid DNA plus 
plasmid DNA encoding gB of HSV. Subsequently, serum and 
distal mucosal Ab responses were analyzed as described in 
Table 1. Mucosal genetic cotransfer of CXC or CC chemokines 
influenced gB-specific serum IgG and mucosal IgA response 
levels. The CC chemokines MIP-la and MCP-1 strongly aug- 
mented serum gB-specific IgG Ab and distal mucosal gB-spe- 
cific IgA Ab levels, but MIP-lp and the CXC chemokine 
MIP-2 provided only modest effects. The chemokines MIP-la 
and MIP-2 also affected the ratio of Ig isotypes produced. Both 
pushed the response to the Thl-type pattern (Table 1). Inter- 
estingly, MIP-2 coexpression also induced the shift to the Thl 
type but had no effect on the overall level of IgG Ab induced 
In contrast, the CC chemokines MIP-1B and MCP-1 both 
caused an isotype response pattern of the Th2 type (Table 1). 

To analyze the influence of mucosal genetic cotransfer of 
chemokines on cell-mediated immunity, the effect of chemo- 
kine coexpression on Th-cell proliferative responses and the 
production of Thl- or Th2-type cytokines in splenic and cer- 
vical DLN cells was examined following in vitro stimulation 
with UV-inactivated HSV. As shown in Fig. 2A, coexpression 
of MIP-la (P < 0.001), MIP-2 (P < 0.001), and MCP-1 (P - 
0 003), but not MIP-lp (P = 0.120 for spleen and P = 0.039 for 
DLN) significantly increased the HSV-specific proliferativere 
sponse, with MIP-2 having the greatest effect. With regard tc 
cytokine production by stimulated splenic and DLN cells (Fig 
2B) the chemokines MIP-2 and MIP-la both induced in 
creased IFN-y responses beyond those in control gB immu 
nized animals (P < 0.05) and poor IL-4 responses (Thl-typ. 
pattern). In contrast, MIP-lp and MCP-1 induced strong IL- 
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responses (P < 0.05) but did not increase the levels of IFN- 7 
produced. The IL-2 response pattern was more complicated 
but was most highly elevated in the MlP-la and MIP-2 recip- 
ients (those which also induced elevated IFN-7 responses). 
Thus, both the results of the Ig isotype profile and the cytokine 
responses indicate that mucosal genetic cotransfer of MIP-lct 
and MIP-2 drives T cells to predominantly a Thl-type pattern 
Conversely, MIP-13 and MCP-1 coexpression resulted in a 
dominant Th2-type response. 

The Thl-type CD4+ T-cell pattern provides more effective 
protection against HSV vaginal infection. To investigate 
whether Thl- or Th2-type immunity enhanced by mucosal ge- 
netic cotransfer of chemokines could influence the level of 
protective immunity to distal mucosal challenge with lethal 
HSV, groups of progesterone-synchronized mice from the var- 
ious test groups were challenged intravaginally with HSV-1 
McKrae. As shown in Fig. 3A, immunization with gB DNA 
alone protected 50 and 29% of animals on days 8 and 12, 
respectively. Mucosal genetic cotransfer of MlP-la and MIP-2 
(type 1 pattern inducers) increased the level of protection (64 
and 93% on day 8 and 50 and 64% on day 12 for MIP-la and 
MIP-2, respectively). However, coexpression of MIP-lp and 
MCP-1 (type 2 pattern inducers) had no significant effect on 
levels of protection. Similarly, the average day of death in 
groups of mice coimmunized with gB DNA plus MIP-la or 



MIP-2 was later than in mice coimmunized with gB DNA plus 
control vector pCI-neo (P = 0.05 for MIP-la and P = 0.02 for 
MIP-2), as is evident in Table 2. 

Animals challenged with virus were also assessed for clinical 
signs of inflammation in the vaginal track. As shown in Fig. 3B 
the inflammatory reactions (intensity and duration) were sig- 
nificantly reduced in recipients of the Thl-type-inducing che- 
mokines. Animals with the Th2-type pattern had inflammatory 
reactions approximately the same as those in control gB DNA 
immunized mice. Thus, this result supports the idea that the 
Thl-type immunity provides more effective protection against 
HSV mucosal infection than the Th2-type pattern does. 

MIP-la but not MIP-2 may enhance immunity by exerting 
effects on APC function. Since chemokines are known to re- 
cruit and affect APC activity (6, 35), we considered if the 
Thl-type immune enhancing effect of MIP-la and MIP-2 
might be the consequence of effects on APC function To 
measure such effects, mice were given i.n. doses of one of the 
two Thl-type-inducing chemokines or control plasmids on two 
occasions and APCs were prepared from spleens. These APCs 
were used to present either UV-inactivated HSV Ag to gB- or 
HSV-primed T cells or OVA 323 _ 339 peptide to T cells isolated 
from DO11.10 mice transgenic for the T-cell receptor (TCR) 
that recognizes the OVA 32 3_ 339 peptide. Whereas the former 
UV-inactivated HSV Ag system would require Ag processing 
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TABLE 2 Prolonged survival of challenged mice following mucosal 

genetic cotransfer of gB DNA plus chemokines* 

•—*-""""-" Mean time of death 

i SD (days) 
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FIG 3 Induction of protective immunity against vaginal infection 
with HSV following mucosal genetic cotransfer of chempkines and 
g B DNA. Each group of mice (n - 14) coimmunized i.n. with gB 
DNA plus chemokine DNA was challenged intravagmally with HSV-1 
McKrae 2 weeks the last immunization. Mice were previously injected 
with DP to synchronize their estrus cycles. Mice immunized i.n with 
HSV-1 KOS (10 6 PFU) were included as positive controls. (A) ine 
surviving mice were counted 8 and 12 days following vaginal chaUcnge 
m\ Clinical severity was graded as follows: 0, no inflammation; 1, mild 
inflammation; 2, moderate swelling and redness; 3, severe inflamma- 
tion; 4, paralysis; 5, death. 



as well as presentation, the latter OVA 323 - 3 39 peptide system 
would not require processing. Responses were measured by 
Ag-specific proliferation as well as by Ag-specific cytokine pro- 
duction. . . . 

As shown in Fig. 4A, APC taken from mice given the CC 
chemokine MIP-la, but not the CXC chemokine MIP-2, sig- 
nificantly enhanced proliferation of gB- or HSV-primed T cells 
following stimulation with UV-inactivated HSV Ag. In addi- 
tion, the number of HSV-specific IFN-y-producing T cells 
measured by EUSPOT was increased (Fig. 4B). Additionally, 
proliferation of OVA 32M39 peptide-specific T cells and pro- 
duction of 11^2 and IFN-7 were enhanced when APC from 
MIP-la-treated mice were used to present peptide (Table 3). 
The latter result indicates that the effect of MIP-la on APC 
probably involved presentation rather than processing. In a 
parallel experiment, MIP-2-treated APC failed to enhance the 
proliferation of OVA 323 _ 339 peptide-specific T cells or the pro- 
duction levels of the cytokines 1L-2 and IFN-y (Table 3). 
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vector pCI-neo (P = 0.21). 
f ND f not done. 



To investigate the hypothesis that the enhancement of pep- 
tide presentation provided by MIP-la to APCs is related pri- 
marily to the induction of costimulatory molecules, the expres- 
sion level of costimulatory molecules B7-1 and B7-2 on 
CDllc + DC of APCs following genetic transfer of NOP- la or 
MIP-2 was tested. As shown in Fig- 5, MIP-la exhibited a 
significant increase in the expression of both costimulatory 
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FIG 4. APC from mice given MIP-la DNA but not MIP-2 DNA 
enhance Ag-specific T-cell proliferation and IFN-7 spot-forming cells 
(SFC). Naive BALB/c mice were given 200 u,g of MIP-la or MIP-2 
DNA i.n. twice at a 5-day interval. APC were isolated from the spleens 
7 days later and irradiated/pulsed with UV-inactivated HSV-1 KOS, 
and used as stimulators for enriched immune T cells obtained from the 
spleens of mice immunized with gB DNA or HSV-1 KOS. The test was 
performed in quadruplicate wells for T-celi proliferation (A) and in 
duplicate wells for IFN-7 SFC measurements (B). The graph shows the 
means of cpm or SFC and standard deviation from three independent 
experiments. 
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TABLE 3. APC from mice given MlP-la but not MIP-2 augment 
DO11.10 TCR T-cell proliferation and cytokine production 
following stimulation of OVA 273 _ 339 



Treat- 
ment 



Lymphoproliferation (cpm) a of 
cells after stimulation with 
0 VA 323-339 at (u.g/mi): 



Cytokine production 
(pg/ml)* 



0.0 



5.0 



10.0 



IL-2 



IFN-7 



pCI-neo 379 £ 257 16,345 ± 1,115 21,401 ±4,317 4,307 
MlP-la 572 ± 301 27,454 ± 2,469* 39,362 2 5,276 c 8,603 
MIP-2 457 ± 291 21,936 ± 3,827 25,006 ± 4,192 4,793 



677 243 ± 93 
532* 615 ± 218* 
1,238 353 ± 120 



• DO11.10 TCR T cells were enriched from the spleens of DOll.lO-Tg mice 
using a nylon wool column and used as rcsponder cells. APC taken from mice 
given MlP-la or MIP-2 DNA were irradiated and pulsed with OVA 323 _ 339 in 
serum-free medium for 60 min. The OVA 32 3_339«lreated APCs were extensively 
washed and used as stimulator cells. OVA 32 3_ 33 9-pulsed APCs were mixed with 
enriched DO11.10 TCR T cells and incubated for 3 days. [ 3 H]thymidine was 
added to each well 18 h before harvest. The results show mean cpm ± standard 
deviation for three independent experiments. 

b Following in.vitro stimulation of DOl 1.10 TCR T cells with OVA 323 _ 33 g (5.0 
ixg/ml)-pulsed APCs, the cytokine concentration in the culture supernatant was 
determined by ELISA The data represent mean ± standard deviation for three 
independent experiments. 

e Statistically significant between control vector pCI-neo and MlP-la (P = 
0.004). 

d Statistically significant between control vector pO-nco and MlP-la (P < 
0.001). 

* Statistically significant between control vector pCI-neo and MIP-la (P - 
0.01). 



molecules, particularly in B7-2. Conversely, MIP-2 failed to 
influence the expression of costimulatory molecules. The ex- 
pression of other molecules, such as CD40 and major histo- 
compatibility complex (MHC) class II, was also addressed, but 
MIP-la and MIP-2 did not alter the expression of those mol- 
ecules (data not shown). Similar findings were obtained in the 
CDllb + population of APCs (data not shown). Thus, these 
results indicate that mucosal genetic cotransfer of the CC che- 
mokine MIP-la enhances APC function by affecting costimu- 
latory molecules (such as B7-1 and B7-2) involved in Ag pre- 
sentation. 

How does MIP-2 provide more effective protection against 
HSV mucosa] infection? To investigate how MIP-2 provides 
the effective protective immunity against distal mucosal infec- 
tion with lethal HSV, the effects on vaginal IFN-7 secretion 
and viral clearance were measured in coimmunized mice at 
various times after challenge with HSV. The results are shown 
in Fig. 6. The recipients of MIP-2 plus gB DNA had high levels 
of IFN-7 in vaginal washes, with two peaks of activity observed 
(the first peak on day 2 postchallenge and the second peak on 
day 5 postchallenge). IFN-7 was no longer detectable in vagi- 
nal washes after day 7 postchallenge (Fig. 6A). In addition, 
vims titers were measured on days 2, 3, and 4 postchallenge to 
determine the relationship between vaginal IFN-7 secretion 
and viral clearance. MIP-2 coexpression resulted in early viral 
clearance from the vaginal tract (Fig. 6B), showing especially 
significant clearance on days 2 (P - 0.05) and 3 (P = 0.01) 
postchallenge in comparison to the group treated with gB DNA 
plus control vector pCI-neo. The increase of IFN-7 secretion 
following MIP-2 coexpression probably caused the early clear- 
ance of HSV from vaginal tract However, other CC chemo- 
kines failed to result in early viral clearance. These results 
probably mean that IFN-7 produced locally in the vaginal tract 
enhances virus clearance and may ultimately determine the 
outcome of HSV vaginal infection. 



Since the peak level of IFN-7 in vaginal secretions was 
evident around day 2 postchallenge, the source of initial IFN-7 
production was suspected to be NK cells rather than Thl-type 
CD4*** cells, which are known to cause a later peak (24). To 
further define the role of NK cells as the likely source of initial 
IFN-7 secretion in vaginal washes of MIP-2-cotransferred 
mice, iliac LN cells and vaginal tract cells were isolated on days 
2 and 5 postinfection. The cells were then tested for NK-cell- 
mediated lysis of target cells and Thl-type CD4* IFN-7-pro- 
ducing T cells. As shown in Fig. 7A, NK-cell activity was ele- 
vated in MIP-2 recipients, particularly on day 2 postchallenge, 
but had declined to levels comparable to those in controls by 
day 5 postchallenge. In addition, whereas Thl-type CD4* t " 
IFN-7 producing T-cells were not detectable on day 2 post- 
challenge, by day 5 postchallenge the number of such cells in 
MIP-2-treated mice was markedly elevated over the number in 
mice given other treatments (Fig. 7B). These results indicate 
that cotransferred MIP-2 initially increased NK-cell activity 
and subsequently Thl-type CD4* T-cell activity, both of which 
were likely sources of the soluble IFN-7 recovered in vaginal 
washes. 

A possible reason for the increased number of CD4* EFN- 
7-producing T cells in the MIP-2-treated mice could be the 
up-regulation of adhesion molecules essential for migration to 
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FIG. 5. Enhanced expression of costimulatory molecules B7-1 and 
B7-2 in APC from the spleens of mice given MIP-la but not MIP-2 
DNA. Naive BALB/c mice given MIP-la or MIP-2 DNA i.n. were 
sacrificed 7 days later. APC were then isolated from the spleens, and 
fluorescence-activated cell sorter analysis was performed for B7-1 and 
B7-2 molecule expression. The figure shows costimulatory molecule 
expression in the CDllc* cell population. Results representative of 
those in four mice are given. Values (m) in the figure denote mean 
fluorescence. 
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FIG 6 Vaginal IFN-y secretion and viral clearance following vag- 
inal infection with HSV in mice coimmunized with gB DNA plus 
chemokinc DNA. (A) Vaginal IFN-y secretion following vaginal in- 
fection with HSV. Each group of mice (n = 5) coimmunized i.n. with 
gB DNA plus chemokine DNA was intravaginally challenged, and 
vaginal lavage fluid was collected every day. Vaginal IFN-7 concentra- 
tions were determined by EUSA, and each concentration was adjusted 
for the vaginal protein content. The results are expressed as a mean for 
five mice. (B) Influence of chemokine expression on viral clearance. 
Coimmunized mice (n « 5) were intravaginally challenged 2 weeks 
after immunization. Vaginal lavage fluid was then collected on days 2, 
3 and 4 postchallenge, and the virus titer was determined by a plaque 
assay. The open circles represent individual virus titers of mice, and the 
black lines represent the average virus titer in each group. 

various mucosal surfaces such as a 4 p 7 (2). The data in Fig. 7C 
support this idea since mucosal genetic cotransfer of MIP-2 
resulted in enhanced a 4 (i 7 integrin expression on CD4+ T cells 
(72%) comparable to levels in other groups (61% for MlP-la 
cotreatment and 42% for control vector cotreatment). 

Although Thl-type CD4+ T cells were primarily responsible 
for the second peak of the IFN-y levels involved in the early 
clearance of virus, the role of CD8* T cells was not examined 
following HSV vaginal infection. To determine the protective 
role of CDS**" T cells in the vaginal tracts of coimmunized mice, 
the CTL activity of iliac LN cells and vaginal tract CD8* T 
cells was checked on days 2 and 5 postinfection. Vaginal tract 
CD8^ T cells were expanded in vitro with SSIEFARL peptide 
(gB 49S -505 peptide specific for MHC class I-restricted CD8* T 
lymphocytes) before antigen-specific lysis was measured, where- 
as the CTL activity of iliac LN cells was determined without 
in vitro stimulation. The targets included 51 Cr-labeled MHC- 
matched EL-4 pulsed with SSIEFARL peptide or not pulsed and 
MHC-mismatched EMT-6. To calculate the specific lysis of 
targets, the percent lysis of irrelevant targets was subtracted 
from the percent lysis of specific targets. In contrast to Thl- 



type CD4"* T cells, CTL activity did not show significant dif- 
ferences between treated groups (Fig. 8). This result supports 
the notion that CD8" K T cells do not contribute to the second 
wave of IFN-v production on day 5 postchallenge. 
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FIG. 7. NK-cell-mediated lysis of YAC-1 cells and IFN--y-produc- 
ing CD4+ T cells in iliac LN and vaginal tracts of mucosaily coim- 
munized BALB/c mice with gB DNA plus MIP-la or MIP-2 DNA 
following vaginal infection with HSV. (A) NK-cell-mediated lysis of 
YAC-1 cells in iliac LN and vaginal tracts. Cells of iliac LN and vaginal 
tracts were isolated from coimmunized mice on days 2 and 5 postin- 
fection. NK-cell-mediated lysis of target cells was determined in a 5-h 
51 Cr release assay against labeled YAC-1 cells. (B) Number of IFN- 
7 -producing CD4* T cells in iliac LN and vaginal tracts. Iliac LN cells 
and vaginal tract T lymphocytes were prepared on day 2 and 5 postin- 
fection. The number of IFN-7-producing CD4* T cells in the vaginal 
tracts of the mice was then determined by an ELISPOT assay after in 
vitro restimulation with enriched DC pulsed with UV-inactivated 
HSV-1 KOS, while the number of IFN-7-producmg CD4 + T cells in 
iliac LN cells was determined without in vitro restimulation. (C) Profile 
of expression of integrin a 4 p 7 on CD4* T cells of the vaginal tract on 
day 5 following HSV vaginal infection. 
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FIG. 8. CTL activity of CD8 + T cells in the iliac LN and vaginal tracts of C57BL/6 mice mucosally coimmunized with gB DNA plus MlP-la 
or MIP-2 DNA following vaginal infection with HSV. Iliac LN cells and vaginal tract T lymphocytes were prepared on days 2 and 5 postinfection. 
The CTL activity of CD8* T cells in the vaginal tracts was determined following in vitro peptide stimulation with SSIEFARL (gB 498 _ 5Q5 peptide 
specific for MHC class I-restricted CD8"*" T lymphocytes), while the CTL activity of CD8"** T cells in iliac LN was determined without in vitro 
restimulation. 



DISCUSSION 

This report shows that mucosal genetic cotransfer of plasmid 
I>NA encoding chemokines along with plasmid DNA encoding 
Ag can enhance and change the nature of acquired systemic 
and distal mucosal immune responses. Accordingly, the CC 
chemokines MIP-ip and MCP-1 induced a Th2-type response 
as judged by the ratio of serum Ig isotypes and cytokine IL-4 
production. In contrast, coexpression of the CC chemokine 
MlP-la and the CXC chemokine MIP-2 established a Thl- 
type pattern, and such immunized mice were more resistant to 
subsequent vaginal challenge with HSV. The CC chemokine 
MlP-la, which induced the Thl-type response, appeared to act 
via up-regulation of APC function and expression of the co- 
stimulatory molecules B7-1 and B7-2. The CXC chemokine 
MIP-2, however, enhanced the subsequent Thl-type CD4 + 
T-cell adaptive immunity by increasing IFN-7 secretion from 
NK cells following HSV vaginal infection. This is the first 
report that documents the value of chemokine DNA given 
mucosally as an approach to modulate the functional efficacy 
of systemic and distal mucosal immunity to infection. 

The mechanisms by which chemokines can act as adjuvants 
to boost immune responses remain to be established and are 
probably multiple. For example, chemokines recruit and can 
affect the function of many cell types (35, 39). Perhaps most 
importantly, these include cellular components of innate de- 
fense, which in turn influence the nature of the subsequent 
adaptive immune responses (6, 10). In our study, the Thl-type 
enhancing effect of the CC chemokine MlP-la would seem to 
result from recruitment and activation of innate cellular com- 
ponents involved in Ag presentation such as DC and blood 
monocytes. Accordingly, from in vitro studies, it is known 
that immature DC such as those found in local tissue sites 



and monocytes express the CCR1 and CCR5 receptors, to 
which MIP-la binds (35). Conceivably, the binding of CCR1 
or CCR5 by chemokines at local tissue sites causes them to 
migrate to lymphoid tissue and induce appropriate immune 
responses (35). In our studies, which analyzed the phenotype 
and function of APC from lymphoid tissue, we observed changes 
in the expression of costimulatory molecules as well as APC 
function for Thl-type response. Such effects were evident only 
for MIP-la of the four chemokines studied, even though the 
CC chemokine MIP-lp (type 2 inducer) may also bind to 
CCR5 (35). Why MIP-10 failed to change APC function re- 
quires further investigation. 

Interestingly, the effect of MIP-la on APC function was 
evident in splenic APC, a location remote from the site of 
chemokine administration. It is unclear how such an effect is 
mediated. However, it is likely that the mucosal administration 
was followed by chemokine DNA access to the bloodstream 
and dissemination to remote sites that include the spleen. Such 
events were shown to occur previously with plasmid DNA 
encoding p-galactosidase or green fluorescence protein (4). 
Our results also showed that MIP-la caused an enhanced 
distal mucosal IgA response. This was probably the conse- 
quence of modulatory effects of MIP-la in the local mucosal 
DLN followed by migration of effector lymphocytes to the 
distal mucosal location. In support of this idea, MIP-la caused 
an increased population of T lymphocytes expressing integrin 
a 4 0 7 , the mucosal homing receptor, to the vaginal tract (2). 
Additionally, in vitro studies have shown that the binding of 
chemokines to their receptor may cause a rapid and robust 
up-regulation of induction of integrins, including a 4 p 7 (3, 17). 

A second chemokine that enhanced the Thl-type CD4* 
T-cell response and immunity to vaginal challenge with HSV 
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was the CXC chemokine MIP-2. This chemokine, however, 
had no detectable modulatory effect on APC function. Instead, 
the mechanism by which it achieved modulation could have 
involved effects on NK-cell function. Accordingly, the NK-ceil 
function of cells taken from the vaginal tracts and iliac LN 
following HSV vaginal infection was enhanced in MIP-2 recip- 
ients. Of particular interest, NK-cell activity in the vaginal 
tracts of mice given MIP-2 greatly increased transiently on day 
2 postchallenge. Moreover, since such cells act as an important 
source of IFN-y secretion (24), the early enhanced IFN-7 
secretion in vaginal washings of MIP-2 recipients challenged 
with HSV-1 could have been derived from such cells, as de- 
scribed by others (24, 28). In addition, the early IFN-7 pro- 
duced from NK cells could play an important role in shaping 
subsequent Thl-type CD4* T-cell adaptive immunity, as is 
known to occur in vitro (25, 33). We are currently attempting 
to support these ideas by. comparing the enhancing effects of 
MIP-2 in normal and NK-cell-depleted mice. An alternative 
mechanism by which MIP-2 modulates immunity could include 
effects on neutrophil function. Thus, CXCR2 (the receptor for 
MIP-2) is expressed on neutrophils as well as on NK cells (26). 
Moreover, since neutrophils are known to be involved in the 
control of HSV infection in both ocular and genital sites (21, 
37), an enhanced neutrophil function could account for the 
more effective removal of HSV in MIP-2 recipients after vag- 
inal challenge. The role of neutrophils as the mediators of 
antiviral immunity requires further investigation. 

The issue of which immune defenses are involved in protec- 
tion against disease following HSV vaginal challenge has not 
been fully resolved. The present observation and also those of 
another group favor the hypothesis of the Thl-type CD4"" T 
cell phenotype as the principal mediator (22, 24). Others, how- 
ever, advocate that CD8^ T cells act as principal mediators for 
mucosal defense against HSV infection (27). The present stud- 
ies, also supported by previous investigations (15), found that 
immunity correlated best with Thl-type CD4* T-cell function. 
In fact, none of the chemokines that caused enhanced immu- 
nity had demonstrable effects on T-cell function. Curi- 
ously, we also failed to demonstrate an apparent effective role 
for IgA in vaginal immunity. In support of this notion, stimu- 
lating the type 2 pattern of reactivity, including an IgA re- 
sponse, appeared not to provide the type of immunity that 
functions best against HSV mucosal infection whatever the 
challenge route. It is still curious, however, that the vaginal IgA 
response appears not to correlate positively with the outcome 
of HSV vaginal infection, since IgA is an important mediator 
of defense against several other mucosally infectious agents (7, 
20). It appears, in fact, that barrier immunity, such as is me- 
diated by IgA, is ineffective against HSV. Instead, infection 
control largely involves T-cell immunity, probably by causing 
an inflammatory response at tissue sites (8). Others have even 
shown that vaginal immunity to HSV infection proceeds nor- 
mally in mice genetically unable to produce IgA (29). 

In conclusion, we have shown that mucosal genetic cotrans- 
fer of chemokines provides a valuable means of changing the 
quality and effectiveness of mucosal immunity at distal sites. 
Two chemokines, MlP-la and MIP-2, caused this to occur by 
acting by different mechanisms to enhance Thl-type CD4 
T-cell-mediated immunity. This finding supports the hypothe- 
sis that MlP-la and MIP-2 might act synergistically following 



DNA vaccination. In addition, it remains to be seen if combi- 
nations of DNAs encoding other adjuvant activities such as 
IL-18 can lead to further enhanced levels of immunity. Thus, 
given the background of past failure with anti-HSV vaccines, 
novel approaches are needed. DNA vaccines, along with ap- 
propriate costimulators perhaps used in a prime-boost combi- 
nation with other approaches, holds promise as a practical 
solution for an HSV vaccine. 
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